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2.8 AN INVERSION IN THE ATMOSPHERE OF TITAN* 
R. E. Danielson, J. J. Caldwell, and D. R. Larach 
Introduction 
Measurements o f  unexpectedly high i n f r a r e d  br ightness  temperatures on 
Ti tan  i n  t h e  8-14 micron window (Low 1965, Allen and Murdock 1971, G i l l e t t ,  
Forres t ,  and Merr i l l  1973) and a lower temperature i n  the  20-micron window 
(Morrison, Cruikshank, and Murphy 1972) have been widely in t e rp re t ed  i n  terms 
o f  greenhouse models (Pollack 1973, Sagan 1973) where the  8-14 micron r ad ia t ion  
o r ig ina t e s  a t  o r  nea r  t he  su r face  while t h e  20-micron f lux  i s  emitted high i n  
the  atmosphere. A very d e t a i l e d  greenhouse model due t o  Pollack (1973) der ives  
a methane (CH4) t o  hydrogen (Hz) r a t i o  o f  un i ty  (within a f a c t o r  o f  3) and a 
minimum surface  pressure  o f  0.4 atm. Based on a surface  g rav i ty  g = 140 cm sec-', 
t h e  minimum CH4 abundance is  30-40 km-A and t h e  minimum H2 abundance va r i e s  from 
15 t o  85 km-A. 
I t  i s  t he  purpose of t h i s  paper t o  propose an a l t e r n a t e  model of  the  atmos- 
phere of Ti tan  which seems t o  be cons is tent  with observations and requi res  a much 
smal ler  CHI, abundance (of t h e  order  o f  2 km-atm). Although no Hz is  required,  
t h e  presence of some Hp as reported by Traf ton  (1972a) is  r ead i ly  accommodated. 
In t h i s  model, a temperature invers ion  e x i s t s  i n  the  atmosphere due t o  absorp- 
t i o n  of blue and u l t r a v i o l e t  s o l a r  r ad ia t ion  by small p a r t i c l e s .  The absorbed 
r ad ia t ion  i s  re- radia ted  by t h e  dust and by molecules having long wavelength 
bands such as  CH4 a t  7.7 pm and ethane (C2Hs) a t  12.2 pm. The br ightness  tem- 
pe ra tu re  a t  20 pm i s  pr imar i ly  due t o  r e - r ad ia t ion  by the .dus t .  
The Origin of t he  Inversion 
The continuum geometric albedo of Ti tan ,  shown i n  Figure 2-32, is  unusu&lly 
low i n  t h e  blue and u l t r a v i o l e t  f o r  an object  with an extensive atmosphere. The 
presence of a la rge  abundance of CH4 (of  t h e  order  o f  2 km-A) is  s t rong ly  i n d i -  
cated by the  observations of Trafton (1973) which show near- inf rared  bands o f  
CHI, having widths compargble with those  i n  Uranus. The observed geometric albedo 
p = 0.05 2 0.02 a t  2600 A (Caldwell 1973) can be produced by t h e  Rayleigh sca t -  
t e r i n g  o f  about 0.15 km-A CH4 overlying a black surface .  Under the  same condi- 
t i o n s ,  1 km-A CH4 w i l l  produce p = 0.22 and 10 km-A w i l l  y i e l d  p = 0.60. One 
must t he re fo re  conclude t h a t  some substance i s  s t rongly  absorbing i n  the  blue 
and u l t r a v i o l e t .  We propose t h a t  t h i s  absorption i s  due t o  small p a r t i c l e s  
(he rea f t e r  ca l l ed  dust)  produced as  a r e s u l t  of photolys is  i n  t h e  uppermost 
por t ions  o f  t he  atmosphere. A dark reddish-brown polymer with p rope r t i e s  qual- 
i t a t i v e l y  s i m i l a r  t o  those  required o f  t h e  dus t  has been produced i n  t h e  labora- 
t o r y  by Khare and Sagan (1973). 
I f  these  dust  p a r t i c l e s  were very l a rge ,  they would r ad ia t e  l i k e  black 
bodies with emiss iv i ty ,  E z 1, and t h e i r  temperature would approach 90°K, t h e  
black sphere temperature a t  t h e  d is tance  of Ti tan  from t h e  Sun. On the  o the r  
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Figure 2-32. The observed geometric albedo i s  based on t h e  observations o f  
McCord, Johnson, and E l i a s  (1971) normalized t o  p = 0.20 a t  
' A  = 0.555 pin and on the  OAO observations o f  Caldwell (1973). 
The ca lcula ted  curve is  from the  s impl i f i ed  model i n  Section 4. 
0.4 
0.3 
0 
0 
I  I  I I  I  I -  I 
T I TAN 
- 
z 
A 
4 
U 0.2 - 
t;; ", r, 
r 
0 
W 
C3 
0.1 - 
I 
0 /' I  I I I I l l  
0; 2 0.5 1 
~ ( v )  
I 
hand, i f  t h e  p a r t i c l e s  are  small compared with t h e  wavelengths c h a r a c t e r i s t i c  
o f  a 90°K Planck spectrum, they w i l l  be poor emi t t e r s  and w i l l  r i s e  t o  tempera- 
t u re s  h igher  than 90°K. The gaseous atmosphere w i l l  be heated t o  nea r ly  t h e  
same temperature as t h e  dust due t o  c o l l i s i o n s  of gas molecules with t h e  dust  
p a r t i c l e s .  The f i n a l  temperature w i l l  be determined by the  emiss iv i ty  o f  t h e  
dust  and the  avai lable  molecular bands. Methane has no allowed bands longward 
of 7.7 pm and hydrogen, which has no allowed dipole  bands, has neg l ig ib l e  opa- 
c i t y  due t o  c o l l i s i o n  induced t r a n s i t i o n s  a t  t he  atmospheric pressures  charac ter -  
i s t i c  of ou r  model (of t h e  order  of  0.01 atmosphere). Among l i k e l y  addi t ional  
cons t i t uen t s ,  t h e  longest  allowed bands a r e  10.5 um (ethylene,  C2H4), 12.2 pm 
(ethane, C2Hs) and 13.7 pm (acetylene,  C2H2). NO p l aus ib l e  molecule has any 
appreciable emission longward o f  15 pm. I f  such a molecule were present ,  no 
l a rge  invers ion  could be sus ta ined.  
The Emission of t he  Titan Atmosphere 
To es t imate  t h e  emission of t he  Titan atmosphere, we assume ( f o r  s impl i c i ty )  
it  i s  isothermal except i n  t h e  boundary l a y e r  near  t o  t h e  surface .  Some j u s t i f i -  
ca t ion  f o r  t h i s  assumption i s  given i n  Section 6. We f i x  the  atmospheric tempera- 
t u r e  a t  160°K by not ing  t h a t  the  br ightness  temperature measured by G i l l e t t ,  
Forres t ,  and Merr i l l  (1973) a t  8.0 um, which i s  nea r  t h e  cen te r  of  t h e  very 
s t rong  CHI, band a t  7.7 pm, i s  near ly  160°K. (See Figure 2-33.) 
The emission of t he  dust i s  ca l cu la t ed  t o  be t h a t  of  an o p t i c a l l y  t h i n  
medium rad ia t ing  a t  160°K. The emiss iv i ty  o f  t h e  atmosphere i s  assumed t o  vary 
a s  A - l ,  which would be c h a r a c t e r i s t i c  of  p a r t i c l e s  which a r e  small compared with 
the  wavelength and which a r e  composed o f  a substance whose complex index o f  re-  
f r a c t i o n  i s  independent of  wavelength. The curve o f  dust  emission shown i n  
Figures 2-33 and 2-34 i s  ca l cu la t ed  by ad jus t ing  t h e  emiss iv i ty  t o  agree with 
observations a t  9 and 10 um. 
We propose t h a t  t he  l a rge  peak near  12 pm is due t o  t h e  12.2-micron band 
o f  C2H6. Based on a band s t r eng th  o f  24 cm-l/cm-~ (Thorndike 1947), we es t imate  
t h a t  t h e  amount of C2H6 requi red  t o  produce a mean emiss iv i ty  of ~ 0 . 1  a t  t h e  
12.2-micron peak i s  of t h e  order  o f  1 cm-A. The width o f  t he  12-micron f ea tu re  
as  shown i n  Figure 2-34 was taken t o  be t h e  same as  a s i m i l a r  f ea tu re  a t  12 pm 
observed i n  Saturn ( G i l l e t t  1973, p r i v a t e  communication) . Laboratory measure- 
ments and de ta i l ed  ca l cu la t ions  on t h e  12.2-micron C2H6 band w i l l  be required 
t o  e s t a b l i s h  i t s  width under t h e  condit ions i n  the  Titan atmosphere. 
The Energy Balance of T i t  an ' s  Atmosphere 
The energy balance o f  t h i s  model of  Ti tan  w i l l  be i l l u s t r a t e d  by an idea l -  
i zed  ca l cu la t ion  i n  which Rayleigh s c a t t e r i n g  i s  ignored f o r  s impl i c i ty .  Adopt- 
i ng  a radius  of 2550 km, as  d id  Morrison, Cruikshank, and Murphy (1972) based on 
a correc t ion  t o  the  measurements of  Dollfus (1970), t he  v i sua l  geometric albedo 
(p) equals 0.20 i f  t h e  v i sua l  magnitude o f  Titan a t  mean opposit ion i s  taken t o  
be 8.39 (Harris  1961) and i f  t he  absolute  v i sua l  magnitude of the  Sun equals 
-26.78 (Allen 1963). Using t h e  observations o f  s p e c t r a l  r e f l e c t i v i t y  given by 
McCord, Johnson, and E l i a s  (1971), one obta ins  the  curve of observed geometric 
albedo shown i n  Figure 2-32. The maximum geometric albedo (p % 0.25) occurs a t  
A x 0.65 pm, o r  approximately t h e  same wavelength as  t he  minimum absorption of 
t h e  brown polymer (dust)  shown i n  Figure 2-35. 
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Figure 2-33. The s o l i d  curve shows t h e  predic ted  emission spectrum based on 
a highly s impl i f i ed  invers ion  model o f  Ti tan .  The peaks a t  
7 .7  pm and 12.2 um a re  due t o  emission by CH,+ and C2H6 bands. 
The emission by the  dust  i s  shown as a 160°K black body having 
an emiss iv i ty  which is  inverse ly  proport ional  t o  t h e  wavelength. 
The r ad ia t ion  from t h e  surface  i s  shown as an 80°K black body. 
Thig graph is constructed i n  such a way t h a t  t h e  a rea  under 
the  curves i s  propor t ional  t o  t h e  energy radia ted .  In both 
t h i s  fZgure and i n  Figure 2-34, t h e  f i l l e d  c i r c l e s  are  da t a  
by G i l l e t t  e t  a l .  (1973), and t h e  f i l l e d  square i s  a  measure- 
ment by Morrison e t  a1 . (1972) . 
Figure 2-34. The energy balance of t h e  inversion model ok  Titan i s  i l l u s t r a t e d  
i n  t h i s  f i gu re  where a rea  i s  proport iohdl t"d"energy. The area  
under the  curve representing t h e  inciden? s o l a r  r ad ia t ion  (T = 
5750°K) i s  equal t o  the  area  under a1900%?'black body curve. Most 
of t h e  s o l a r  r ad ia t ion  is  absorbed by rhe dust  i n  the  atmosphere 
and re- radia ted  i n  t h e  f a r  i n f r a red .  , ,. 
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Figure 2-35. The a p t i c a l  th ickness  o f  t h e  dus t  suspended i n  t h e  Titan atmos- 
phere.., T+ s o l i d  curve shor tyard  of 0.8 pm i s  based on t h e  
measurements of  Khare and Sagan (1973) normalized t o  agree with 
t h e  observed geometric albedo. The curve longward of 5 um i s  
based on an assumed A - ~  dependence normalized t o  agree with the  
observed f lux  a t  9 and 10 pm. 
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In order  t o  have a d e f i n i t e  exploratory model, t h e  surface  albedo of 
Titan i s  taken t o  be propor t ional  t o  wavelength up t o  X = 0.65 vm, above which 
it i s  assumed t o  be 0.65. The r a t i o n a l e  behind t h i s  a r b i t r a r y  choice o f  sur-  
face albedo comes from t h e  working hypothesis  t h a t  t he  surface  o f  Titan i s  
covered by snow whose r e f l e c t i v i t y  i s  governed by the  dust  which has s e t t l e d  
out of  t he  atmosphere. - 
The geometric albedo, p, and Bond albedo, A, of  a pure ly  absorbing atmos- 
phere (obeying Beer's law) which has an o p t i c a l  depth, -c, overlying a Lambert 
sur face  having a r e f l e c t i v i t y  R can be shown t o  be: 
and A = [ l  - -c + r2eT E ( T ) ] ~ ,  (2) 
From Equation 2, p = 0.25 y i e l d s  T = 0.20 which e s t ab l i shes  thebnormalization 
of t h e  v i s i b l e  and u l t r a v i o l e t  por t ions  of t h e  curve of TD,  t h e  o p t i c a l  depth 
of t h e  dust i n  the  atmosphere, shown i n  Figure 2-35. Figure 2-35 i s  based on 
t h e  measurements of t he  transmission o f  a t h i n  l aye r  ( thickness o f  t h e  order  
of 0.03 mm) of  brown polymer by Khare and Sagan (1973). I t  can be shown t h a t  
t h e  o p t i c a l  depth o f  a l aye r  containing p a r t i c l e s  (small compared with t h e  wave- 
length) i s  approximately equal t o  t h a t  of  a s l a b  having the  same mass p e r  un i t  
a rea  i f  k << 1, where k is  t h e  imaginary p a r t  o f  t he  index of r e f r ac t ion .  This 
condit ion i s  s a t i s f i e d  f o r  t h e  brown polymer, f o r  which k i s  t h e  order  o f  3 x 
The adopted va r i a t ions  o f  T D  and R lead  t o  t h e  ca lcula ted  curve o f  p shown 
i n  Figure 2-32. For the  purposes o f  t h i s  paper,  t he  predic ted  geometric albedo 
i s  i n  s a t i s f a c t o r y  agreement with t h a t  observed shortward o f  0.65 urn. The Bond 
albedo shown i n  Figure 2-34 i s  based on the  crude assumption t h a t  Beer's law 
holds f o r  t he  CHI, absorption longward of 0.65 ym. The albedo f o r  the  inc ident  
s o l a r  r ad ia t ion  is 16%; t h e  corresponding black sphere temperature i s  86OK. 
Under the  same assumptions governing equations 1-3, t he  f r ac t ion  o f  the  
in t e rcep ted  s o l a r  r ad ia t ion  which is  absorbed a t  t h e  su r face  i s  given by: 
Based on Equation 4, 23% of t h e  s o l a r  r ad ia t ion  is  absorbed a t  t he  surface .  The 
remaining 61% i s  absorbed i n  t h e  atmosphere. Since the  atmosphere i s  o p t i c a l l y  
t h i n  i n  t h e  f a r  i n f r a r e d  (except near 7.7 pm), approximately h a l f  of  t h e  absorbed 
r ad ia t ion  i s  reemitted downward and i s  absorbed by t h e  surfsrce. This absorbed 
r ad ia t ion  would, by i t s e l f ,  keep the  surface  a t  a temperature o f  67OK. 
Absorbed r ad ia t ion :  1.13 x watts 
cm2 
98 
From Figure 2-34, t he  r ad ia t ion  emitted (upward) by the atmosphere equals 
1.38 x watts/cm2 which i s  22% l a r g e r  than h a l f  of t h e  r ad ia t ion  absorbed 
i n  the  atmosphere. In  a f u l l y  se l f - cons i s t en t  model, t hese  numbers would be 
eaual .  (They would be e ~ u a l  i f  t he  f a r  i n f r a r e d  emiss iv i tv  of t h e  dus t  de- 
. . 
creased a l i t t l e  f a s t e r  than I - ' ,  f o r  example.) The important conclusion t o  
be drawn from the  above discussion is t h a t  t he  s o l a r  r ad ia t ion  absorbed by the  
dust i s  s u f f i c i e n t  t o  maintain a l a rge  inversion (temperature approximately 
160°K) i n  the  e n t i r e  atmosphere o f  Titan.  
From t h e  emitted f l u x  and the  hea t  capacity of t he  atmosphere, one may 
compute i t s  r a t e  of cooling when it i s  not i l luminated  by the  Sun. The r e s u l t  
i s  about O . l O ~ / d a y  i f  t he  atmosphere contains 2 km-A o f  CH4. Thus the  change 
i n  atmospheric temperature i s  i n s i g n i f i c a n t  during T i t an ' s  s o l a r  day (16 days 
i f  i t s  ro t a t ion  i s  synchronous with i t s  o r b i t a l  per iod) .  Furthermore, t h e  cool- 
ing  r a t e  i s  s u f f i c i e n t l y  slow t o  allow t h e  atmospheric temperature over t he  
winter  pole t o  be maintained nea r  160°K (except near t h e  surface)  by l a t e r a l  
t r anspor t  (winds). 
The Surface Temperature of Titan 
I f  t he  atmospheric r ad ia t ion  were the  only source o f  heat ing  the  winter  
poles (which a re  inc l ined  27' i f  the  ax i s  of  Ti tan  i s  p a r a l l e l  t o  t h e  ax i s  of 
Saturn) ,  the  surface  temperature would only be 6 7 ' ~ .  The vapor pressure  of 
s o l i d  methane a t  t h i s  temperature i s  about atm corresponding t o  a methane 
abundance o f  about 0.1 km-A. This abundance is  too  small t o  explain the  width 
o f  the  Ti tan  methane bands observed by Trafton (1973). I f  the  minimum surface  
temperature i s  80°K, the  corresponding CH4 abundance i s  2 km-A and the  C2H6 
abundance i s  of the  order  o f  5 cm-A. Extending t h e  ca l cu la t ions  i n  Section 4 ,  
we f ind  t h a t  t h e  surface  temperature a t  the  sub-solar  point  would r i s e  t o  near ly  
100°K assuming the  surface  has neg l ig ib l e  thermal i n e r t i a .  Under t h e  same assump- 
t i o n s ,  Figure 2-36 shows the  va r i a t ion  i n  surface  temperature on the  i l luminated  
por t ion  of t he  surface .  
Undoubtedly some heat ing  of the  unil luminated por t ion  occurs as a r e s u l t  
of  surface  winds driven by surface  temperature d i f ferences .  In our model, how- 
ever,  t he  main source of heat ing  ( i n  addi t ion  t o  the  atmospheric r ad ia t ion )  i s  
by means o f  t he  l a t e n t  heat  re leased as  a r e s u l t  of  t he  condensation of s o l i d  
methane. We propose t h a t  t he  winter  p o l a r  regions a re  kept nea r  80°K as  a r e s u l t  
of  t h e  condensation of CH4 gas. Reduction of t h e  albedo of t h e  po la r  caps by t h e  
dust  which has s e t t l e d  out i s  t h e  v i t a l  f a c t o r  which enables t h e  condensed snows 
t o  be resublimed i n  t h e  po la r  summer. In t h e  absence o f  t he  dus t ,  t he  summer 
pole would be much too  cold. 
During the  30-year long Titan year ,  t he  surface  pressure may vary somewhat 
with time because t h e  sublimation and condensation would not  always be equal .  
We can es t imate  the  m a e i t u d e  o f  t h i s  va r i a t ion  by computing t h e  decrease i n  
CHI, abundance required t o  keep a po la r  cap (down t o  a l a t i t u d e  o f  63') a t  a tem- 
pe ra tu re  of 80°K for.15 years .  The r e s u l t  i s  0.08 km-A of CHI, which i s  small 
compared with t h e  *undance of 2 km-A adopted i n  our exploratory model. 
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Figure 2-36. The su r face  temperature of Ti tan  predic ted  by ignoring t h e  thermal 
i n e r t i a  of t he  surface ,  t he  energy t r a n s f e r  by surface  winds, and 
the  l a t e n t  heat  o f  CH4. Inclusion of t he  l a t e n t  heat  i s  expected 
t o  make the  su r face  temperature more uniform than shown. 
S i m i l a r l y ,  methane condensat ion w i l l  supply  h e a t  t o  t h e  e q u a t o r i a l  reg ions  
a t  n i g h t  and sub l imat ion  w i l l  occur  dur ing  t h e  daytime. Much, i f  n o t  a l l ,  o f  
t h e  s u r f a c e  o f  T i t a n  should be  covered with f rozen  CHI, and o t h e r  i c e s .  I f  t h i s  
be t h e  case ,  t h e  s u r f a c e  tempera ture  w i l l  be  more uniform t h a n  i n d i c a t e d  i n  Fig- 
u r e  2-36 due t o  t h e  t h e r m o s t a t i c  e f f e c t  o f  t h e  s o l i d  CH4. I n  Figures  2-33 and 
2-34, t h e  p r e d i c t e d  r a d i a t i o n  from t h e  s u r f a c e  i s  i n d i c a t e d  a s  an 8 0 ' ~  b lack  
body. 
Summary Discussions o f  t h e  Model 
With t h e  aim o f  i n t r o d u c i n g  t h e  b a s i c  i d e a s  a s  c l e a r l y  a s  p o s s i b l e ,  t h e  
i n v e r s i o n  model o f  T i t a n  p r e s e n t e d  i n  t h i s  p a p e r  i s  h i g h l y  s i m p l i f i e d ,  t h e r e b y  
avoiding premature ly  complex c a l c u l a t i o n s .  I f  t h e  model con t inues  t o  be v i a b l e  
a f t e r  f u r t h e r  s c r u t i n y ,  many o f  i t s  f e a t u r e s  should  be s t u d i e d  i n  more r e a l i s t i c  
d e t a i l .  
A more d e t a i l e d  a n a l y s i s  must i n c l u d e  t h e  e f f e c t s  o f  Rayleigh s c a t t e r i n g .  
We have made some c a l c u l a t i o n s  i n c l u d i n g  s c a t t e r i n g  which i n d i c a t e  t h a t  t h e  
v i s i b l e  and u l t r a v i o l e t  o p t i c a l  depth o f  t h e  dus t  must i n c r e a s e  more r a p i d l y  
t h a n  shown i n  Figure 2-35 i n  o r d e r  t o  e x p l a i n  t h e  observed geometr ic  albedo.  
Macy (1973) f i n d s  t h e  same t o  be t r u e  f o r  Sa turn .  I t  t h e r e f o r e  seems t h a t  t h e  
d u s t  produced i n  p l a n e t a r y  atmospheres e x h i b i t s  a  more r a p i d  i n c r e a s e  i n  absorp- 
t i o n  toward t h e  u l t r a v i o l e t  than  does t h e  subs tance  produced by Khare -and Sagan 
(1973). F u r t h e r  l a 6 o r a t o r y  i n v e s t i g a t i o n s  i n  which mixtures  o f  on ly  CHI, and H2 
a r e  i r r a d i a t e d  with hard  u l t r a v i o l e t  photons may be r e q u i r e d .  The f u l l  index 
o f  r e f r a c t i o n  ( r e a l  and imaginary p a r t s )  o f  t h e  subs tances  produced should  be 
measured. 
We b e l i e v e  t h a t  d e t a i l e d  knowledge o f  t h e  p r o p e r t i e s  o f  t h e  d u s t  w i l l  be 
impor tan t  i n  unders tand ing  o t h e r  p l a n e t s  a s  wel l  a s  T i t a n .  Both J u p i t e r  and 
S a t u r n  e x h i b i t  absorp t ion  f e a t u r e s  which begin i n  t h e  r e d  and i n c r e a s e  toward 
t h e  b lue .  Pre l iminary  a t tempts  t o  e x p l a i n  t h e s e  f e a t u r e s  i n  terms o f  absorp- 
t i o n  by dus t  p a r t i c l e s  s i m i l a r  t o  t h o s e  p o s t u l a t e d  f o r  T i t a n  have been made f o r  
J u p i t e r  (Axel 1972) and f o r  S a t u r n  (Macy 1973). Uranus may a l s o  have some absorb- 
i n g  p a r t i c l e s  i n  i t s  atmosphere (Light  and Danielson 1973). Hence t h e  major 
p l a n e t s  should  have s u b s t a n t i a l  i n v e r s i o n s  i n  t h e  upper  p o r t i o n s  o f  t h e i r  atmos- 
pheres  where t h e  d e n s i t y  i s  --1018 cm-3 o r  l e s s .  Such an i n v e r s i o n  has  been 
observed on J u p i t e r  ( G i l l e t t ,  Low, and S t e i n  1969, G i l l e t t  and Westphal 1973). 
Indeed, i f  T i t a n  should  have a  massive atmosphere o f  t h e  type  proposed by Pol lack  
(1973), an i n v e r s i o n  would occur  i n  t h e  upper  p o r t i o n  o f  i t s  atmosphere. 
We a r e  of  t h e  opinion t h a t  t h e  dus t  p a r t i c l e s  a r e  composed mainly o f  h i g h e r  
hydrocarbons from t h e  by-products  o f  t h e  p h o t g l y s i s  o f  CH4 by s o l a r  u l t r a v i o l e t  
photons having wavelengths s h o r t e r  t h a n  1600 A. S t r o b e l  (1973, s e e  a l s o  S t r o b e l  
and Smith 1973) has  performed d e t a i l e d  s t u d i e s  o f  t h e  photochemistry of hydro- 
carbons i n  t h e  Jov ian  atmosphere. He f i n d s  t h a t  approximately 20% o f  t h e  d i s -  
s o c i a t e d  methane is  i r r e v e r s i b l y  converted t o  h i g h e r  hydrocarbons. If a  s i m i l a r  
percen tage  i s  v a l i d  f o r  T i t a n ,  o f  t h e  o r d e r  o f  10 km-A o f  CH,, should  have been 
converted over  t h e  l i f e t i m e  o f  t h e  s a t e l l i t e .  S t r o b e l ' s  (1973) c a l c u l a t i o n s  
sugges t  t h a t  C2H6 may be t h e  main subs tance  formed. In  o u r  i n v e r s i o n  model, 
almost a l l  o f  t h e  C2Q6 w i l l  f r e e z e  o u t  on t h e  s u r f a c e  l e a v i n g  o n l y  a  few cm-A 
o f  gaseous C2H6 i n  t h e  atmosphere. 
Our most recent  attempt t o  model t h e  emission peak a t  12.2 um i s  shown 
i n  Figure 2-37. Using the  formulae f o r  a symmetric top  molecule given by 
Herzberg (1950) and random band transmission formulae from Goody (1964), t he  
d isk- in tegra ted  thermal emission from an isothermal (160°K) atmosphere o f  
2 km-atm of CH4 and 0.5 cm-atm C2H6 has been ca lcula ted .  Also shown a r e  some 
o f  the  d a t a  o f  G i l l e t t  e t  a l .  (1973). The agreement i s  f a i r  nea r  t h e  cen te r  
o f  t he  band, but breaks down away from t h e  center .  This may ind ica t e  t h a t  t he  
molecular model used i s  not  co r rec t ,  o r  t h e r e  may be addi t ional  t r a c e  mater ia ls  
present .  The discrepancy between t h e  0.5 cm-atm of C2H6 i n  t h i s  ca l cu la t ion ,  
and t h e  5.0 cm-atm quoted e a r l i e r ,  could r e s u l t  from the  uncer ta in  ext rapola-  
t i o n  of measured vapor pressure  da t a  points  t o  low temperature, o r  perhaps 
p a r t l y  from t h e  Ti tan  inversion not  extending down t o  the  surface .  
Based on a surface  temperature of 80°K, the  corresponding abundance f o r  
C2H2 is  cm-A and ~ 4 0  cm-A f o r  C2H4. The l a t t e r  abundance is s u f f i c i e n t l y  
l a rge  t h a t  t h e  atmosphere should be o p t i c a l l y  th i ck  a t  10.5 pm ( the  band s t r eng th  
i s  about 500 cm-l/cm-A) y i e ld ing  a br ightness  temperature of about 160°K. A l -  
though no narrow-band measurement has been made a t  10.5 um, t h e  measured f lux  
from 10-12 pm i s  cons is tent  with a s u b s t a n t i a l  emission peak a t  10.5 pm ( G i l l e t t ,  
Forres t ,  and Merr i l l  1973). In  addi t ion ,  t h e  observed br ightness  temperature a t  
13 Dm suggests  the  p o s s i b i l i t y  of some atmospheric emission a t  13.7 pm due t o  
C2H2. These two poss ib le  emission peaks were no t  included i n  our explora tory  
model. 
A more d e t a i l e d  analys is  o f  t h i s  model should a l s o  include a ca l cu la t ion  
of t he  v e r t i c a l  temperature d i s t r i b u t i o n .  Since the  gra ins  r e r a d i a t e  most o f  
t h e  r ad ia t ion  they absorb, t h e  atmospheric temperature i s  mainly determined by 
t h e  s o l a r  r ad ia t ion  a t  each e levat ion  above the  surface .  The decrease o f  i n c i -  
dent s o l a r  r ad ia t ion  with depth i n  the  atmosphere i s  somewhat compensated by 
t h e  increased amount of outgoing s o l a r  r ad ia t ion  ( r e f l ec t ed  by the  surface)  i n  
the  lower atmosphere. Hence t h e  assumption o f  an isothermal atmosphere may not 
be too u n r e a l i s t i c .  
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Morrison: I would l i k e  t o  r a i s e  a question t h a t  perhaps seve ra l  people would 
want t o  address. A number of you t a l k  about models i n  which a l l ,  o r  a s i g n i f i -  
cant  f r ac t ion ,  of t he  r ad ia t ion  has t o  reach the  surface .  You've s a i d  t h i s  about 
t he  poles and Pol lack ' s  models, as  I r e c a l l ,  assume t h a t  a l l  r ad ia t ion  i s  de- 
pos i ted  a t  t h e  surface .  But Veverka has t a lked  about o p t i c a l l y  th i ck  clouds. 
I wonder what both o f  those th ings  mean. In an o p t i c a l l y  th i ck  cloud, what 
f r ac t ion  o f  t he  t o t a l  r ad ia t ion  can ge t  through t o  t h e  surface?  When you say 
you assume t h a t  l a rge  f r ac t ions ,  o r  a l l ,  of  t h e  r ad ia t ion  reaches the  surface ,  
what r e a l l y  do you mean a re  t h e  l imi t a t ions?  
Danielson: Well, we had a luncheon discussion on t h a t  very sub jec t ,  and i f  I 
may, l e t  me summarize it f o r  you. What Veverka says is t h a t  a dense cloud i s  
needed. An a l t e r n a t e  version o f  t h a t  would be a snow f i e l d  with the  absorbing 
dust i n  the  atmosphere. Veverka agrees t h a t  a snow f i e l d  w i l l  give him the  
102 
WAVENUMBER (CM-I ) 
WAVELENGTH (pM) 
Figure 2-37. The thermal emission from an atmospheric inversion cons is t ing  of 
a 160°K atmosphere (2  km-atm CH4, 0.5 cm-atm C2H6) above an 8 0 ' ~  
surface.  The emission i s  averaged over a hemisphere. 
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var i a t ions  o f  po la r i za t ion  with phase t h a t  he needs, but it  has t o  be b r igh t ,  
and we know t h a t  Titan is  not  b r i g h t .  However, i f  we put  i n  these  nonscat ter ing  
p a r t i c l e s  which a re  purely absorbing, it is l i k e  pu t t ing  a  neu t r a l  dens i ty  f i l t e r  
i n  f ron t  of the  snow. Then it might have the  same po la r ime t r i c  p rope r t i e s  f o r  a l l  
we know a t  t h e  moment; i s n '  t t h a t  r i g h t ,  Joe (Veverka) ? 
Veverka: In p r inc ip l e ,  yes.  I t  i s  c e r t a i n l y  t r u e  t h a t ,  out  of  hand, one cannot 
r e j e c t  your model on the  b a s i s  of t he  phase coe f f i c i en t s  o r  t he  po la r i za t ion  
measurements. What has t o  be done, o f  course, i s  t o  perform the  ca l cu la t ions  
and s e e  i f  t h a t  kind of model f i t s .  But, I  would a l s o  l i k e  t o  address the  ques- 
t i o n  of g e t t i n g  energy through clouds t o  t h e  surface .  This i s  t h e  problem with 
Venus, r i g h t ?  You have o p t i c a l l y  th i ck  clouds and you have no problem ge t t i ng  
energy t o  the  surface ,  o r  a t  l e a s t  q u i t e  deep anyway. 
Danielson: Well, Venus1 clouds a re  o p t i c a l l y  th i ck  but t h e  albedo i s  high, so  
you have r - l  reaching the  surface  i n  conservative i s o t r o p i c  sca t t e r ing .  
Morrison: Could Pollack o r  Sagan make an e luc ida t ing  comment as  t o  how t h i s  
a f f e c t s  t h e i r  models? I'm not su re  I  understood what was j u s t  s a i d  about Venus. 
Pollack:  Well, l e t  me explain the  Venus s t o r y  i n  a  somewhat d i f f e r e n t  way. That 
i s ,  t h a t  a  greenhouse model, i n  order  t o  work, r e a l l y  doesn' t  need very much s o l a r  
energy reaching t h e  surface .  I t  needs some nonzero amount t o  reach t h e  surface ,  
but  t h a t  nonzero amount, a s  i n  the  case o f  Venus, could be very small .  Now, i n  
t h e  case of Titan,  I  think the  r e a l  ques t ion  i s  how o p t i c a l l y  th i ck  a re  the  clouds. 
To s a t  i s  f y  observational  measurements, l i k e  the  po la r i za t ion ,  I  ' m su re  doesn ' t re-  
qu i r e  huge o p t i c a l  th ickness  as  t he  lower bounds. To ju s t  throw a  number out ,  I  
would r a t h e r  suspect  t h a t  op t i ca l  depths on the  order  of uni ty  would s a t i s f y  a l l  
t h e  observational  cons t r a in t s ,  l i k e  the  po la r i za t ion .  Cer ta in ly  under those con- 
d i t i o n s  a  s i g n i f i c a n t  amount o f  r ad ia t ion  w i l l  reach the  surface .  Now, obviously 
i f  i t ' s  a  l o t  h igher  i t ' s  a  whole new b a l l  game. 
Danielson: I  would l i k e  t o  emphasize t h a t ,  i n  our model, t h e  atmosphere has no 
clouds, and I  am worried about Traf ton ' s  contention t h a t  you must have clouds t o  
f i l l  i n  t hese  methane bands. Frankly I  don ' t  s ee  how clouds i n  the  upper po r t ion  
o f  the  atmosphere can form i n  the  presence of our proposed inversion.  An ac t ion  
item I  am going t o  take  f o r  myself i s  t o  t r y  and see  i f  t h e r e  i s n ' t  some way t o  
ge t  around Tra f ton l s  argument on t h e  clouds. I t  i s  t he  most d i f f i c u l t  one t h a t  
I  am aware o f ,  a t  t h e  moment, f o r  t h i s  atmosphere which has no clouds unless you 
want t o  c a l l  t h e  dust a  cloud. Veverka's cloud i s  a  snow covered surface ,  but 
t h e r e ' s  no way t h a t  t h a t  would s a t i s f y  Trafton.  
Trafton:  But my cloud need not  be a t  t h e  same a l t i t u d e  as  your invers ion .  What 
do you mean by high? You mean o p t i c a l  depth uni ty  i n  your emission bands, don ' t  
you? What do I  mean by high? I  mean a  l eve l  above which t h e  methane absorption 
i s  neg l ig ib l e  compared t o  t h e  observed methane absorption.  
Pollack: I  think we're r e a l l y  deal ing  with methane bands o f  very d i f f e r e n t  
s t rengths .  For example, t h e  8 pm observation r e f e r s  t o  the  fundamental o f  
methane where op t i ca l  depth un i ty  i s  something l i k e  10-3 atm. In the  case of 
Traf ton ' s  observations,  they a r e  overtone o r  combination bands t h a t  a r e  a l o t  
weaker. So presumably h i s  clouds could be a l o t  h igher  and a t  a  pressure  l eve l  
a l o t  h igher  than 10-3 atm. I  think you have t o  be ca re fu l  as  t o  where d i f f e r e n t  
th ings  a re  i n  the  atmosphere. 
Morrison: I s  t h i s  a l so  t r u e  of t h e  po la r i za t ion  measurement? Could Traf ton ' s  
clouds be t h e  clouds tha t .one  sees  photometrically and po la r ime t r i ca l ly  and a l l  
of t h i s  e x i s t  below your dust layer?  
Veverka: Sure. I  th ink  I  can reverse  your argument, Bob (Danielson). I  was 
probably very generous i n  saying t h a t  my observations can be cons i s t en t  with 
what you're saying.  But I  don ' t  s ee  why I  c a n ' t  t u rn  it around. You keep 
t a l k i n g  about your Lambert sur face .  Why c a n ' t  it be a white cloud? 
Danielson: Yes, t h a t ' s  q u i t e  t r u e .  I f  you wanted a greenhouse model i n  addi- 
t i o n  t o  t h e  invers ion ,  you could replace  the  snow-covered su r face  with a cloud. 
I  don ' t  th ink  the  cloud would be white though, because of t he  dus t  which must 
be t h e r e  ac t ing  a s  nuclea t ing  p a r t i c l e s  f o r  it. 
Trafton:  What about t h e  emiss iv i ty  of t h i s  dus t ?  I t  seems a s  i f  your whole 
model i s  predica ted  on t h i s  emiss iv i ty  being s o  low t h a t  t h e  temperature of t h e  
dust  i s  d ispropor t ionate ly  high,  and t h i s  i n  t u r n  r e s u l t s  i n  the  mechanism f o r  
your model o f  a temperature invers ion .  Bas ica l ly ,  i t ' s  t h e  non-unit emiss iv i ty  
of t h e  dust  which allows you t o  construct  your model. What i s  t h e  observational  
evidence t h a t  dust p a r t i c l e s ,  small compared t o  the  wavelength o f  l i g h t ,  a r e  
h ighe r  i n  temperature than t h e i r  surroundings ? 
Danielson: There i s  no observational  evidence. I t  is pure ly  a t h e o r e t i c a l  
argument but  I  think it i s  a p r e t t y  s t rong  one. Think of t he  p a r t i c l e  a s  an 
antenna. Jus t  t r y  t o  r ad ia t e  a t  one meter with such a small antenna and you 
f ind  t h a t  i t ' s  a  very i n e f f i c i e n t  antenna. That ' s  t he  o r i g i n  of t h i s  A-l 
dependence f o r  small p a r t i c l e s .  
Trafton:  You mentioned t h i s  i s  observed i n  i n t e r s t e l l a r  dus t?  
Danielson: Yes, i s n ' t  it t r u e  t h a t  t h e  i n t e r s t e l l a r  dus t ,  i f  it were simply 
i n  equil ibrium with s t a r l i g h t  and such, i t  would be ~ O K ,  whereas typ ica l  tem- 
pera tures  a re  believed t o  be around 100°K. 
Trafton:  Well, contrary t o  t h e  s i t u a t i o n  with t h e  i n t e r s t e l l a r  medium, i n  
T i t a n ' s  atmosphere the  dust  p a r t i c l e s  a re  going t o  be co l l i d ing  with a l o t  of 
methane molecules and s t u f f  l i k e  t h a t .  How do you know t h a t  t he  c o l l i s i o n a l  
i n t e rac t ions  here  won't be enough t o  cool down the  dust? 
Danielson: The dust  and t h e  molecules go t o  the  same temperature. The molecules 
have l imi ted  a b i l i t y  t o  r a d i a t e  it away s ince  they can only r a d i a t e  i n  the  12- 
micron and 7.7-micron bands. I f  you could invent another molecule t h a t  was a 
good s t rong  r a d i a t o r  a t  30 um, then t h e  dust xould cool down and t h e r e  would be 
no invers ion .  But as long a s  you don ' t  have any emissions longward o f  15 um, I 
be l i eve  my argument i s  co r rec t ,  as long as  t h e  p a r t i c l e s  are  small .  That is ,  
small  compared t o  the  40-micron wavelengths, so  1 pm o r  h a l f  a  micron p a r t i c l e s  
would be q u i t e  adequate f o r  t h a t .  
Sagan: In o ther  words, th ings  t h a t  r ad ia t e  a t  30 pm, which i s  the  pure ro ta-  
t i o n  spectrum, l i k e  CHI, and H2,  a r e n ' t  awfully good f o r  t h a t ,  but what about 
any molecule t h a t ' s  not  symmetric? 
Danielson: Well, name one. That ' s  t he  problem. 
Sagan : Asphalt. 
Danielson: That becomes a s o l i d ,  forming my l i t t l e  p a r t i c l e s .  The vapor pres-  
su re  very quickly e l iminates  almost a l l  molecules. That ' s  t h e  t rouble  we found 
a t  f i r s t  when we were t r y i n g  t o  f i l l  up t h i s  8-14 micron region with emi t ters .  
Everything s o l i d i f i e s  very quickly,  and ethane and ethylene a re  r e a l l y  the  only 
two e f f e c t i v e  cons t i tuents  I'm aware of .  Caldwell 's question on s i l a n e  was 
motivated by t h i s  as  a substance whose vapor pressure i s  subs t an t i a l .  We won- 
dered i f  t h a t  might play a r o l e  because it has an emission somewhere i n  t h i s  
region o f  9-12 um. However, unless we can s h o r t - c i r c u i t  some of Lewis' com- 
ments, i t ' s  a l s o  hard t o  ge t .  
I 
Trafton:  There's one o t h e r  poin t  about t he  dust I'm concerned about. You might 
expect t h e  dust t o  have a d i s t r i b u t i o n  r a t h e r  than coming out something l i k e  a l l  
t h e  same s i z e ,  and, t he re fo re ,  a  c e r t a i n  fract 'ion would be l a r g e r  than  the  average. 
Since a l o t  more f lux  from t h e  exponential  s i d e  of t h e  emission function occurs a t  
longer wavelengths, maybe t h i s  could compensate, o r  more than compensate, t o  
t he  point  where you could have s i g n i f i c a n t  long wavelength r ad ia t ion  from t h e  
p a r t i c l e s .  
Danielson: Well, you've got t o  have something l i k e  a 15 pm diameter p a r t i c l e ,  
and t h a t  ' s  going t o  drop out  of  t h e  atmosphere awfully quick. 
J 
Sagan: Let me j u s t  say a word on t h a t .  We have measured t h e  p a r t i c l e  s i z e s  o f  
our  polymers t h a t  you are  using here.  Now I'm su re  t h a t  t h e  p a r t i c l e  s i z e s  a re  
dependent on some condit ions which may no t  be the  same as on Ti tan ,  but ,  t o  what- 
ever  extent  you want t o  use our  models, t h e  average p a r t i c l e  s i z e  i s  100 pm. 
.5. 
~an ie l s lon :  They won't s t a y  i n  the  atmosphere. They' 11- go plop. 
I 
Sagan: They w i l l  go plop, but t he re  w i l l  be o the r s  t h a t ' l l  be made. The ques- 
t i o n  i s :  might t he  cloud be a s t eady- s t a t e  concentrat ion between (1) formation, 
(2)  growth t o  100 um, and (3) Stokes-Cunningham f a l l o u t ?  The answer t o  t h a t  
might be yes. I f  t h e  answer is  yes,  and you have p a r t i c l e s  much l a r g e r  than 
the  i n f r a r e d  emission wavelengths, then ,  i s  i t  t r u e  t h a t  you a r e  i n  t roub le  
t r y i n g  t o  s t a y  h o t t e r  than the  equil ibrium temperature? 
Danielson: I think so .  That would do t h e  t r i c k .  
Hunten: How many s o l a r  constants of  UV do you have i n  your experiments, Carl 
(Sagan)? Grossly, you'd expect t h e  growth r a t e  of t h e  p a r t i c l e s  t o  be propor- 
t i o n a l  t o  the  UV f l ux ,  o the r  t h ings  being equal .  
Sagan: But sure ly ,  t h e  p a r t i c l e  s i z e  depends on the  f a l l - o u t  r a t e  a s  well  
as t h e  UV f lux .  
Hunten: Yes, r ad ia t ion ,  t he  f lux ,  t he  time, t he  r a t e  o f  f a l l o u t ;  and obviously 
f a l l o u t  is  a l o t  slower on T i t an  than i n  your f l a s k .  I t  seems t o  me very d i f -  
f i c u l t  t o  es t imate  p a r t i c l e  s i z e s  i n  T i t an ' s  atmosphere on t h e  b a s i s  of  t hese  
lab  experiments. 
Sagan: Yes, I agree.  
Veverka: Do you have a f ee l ing ,  Bob (Danielson), f o r  how dependent your con- 
c lus ions  are  on t h i s  A - ~  dependence. For example, i f  t h e  dependence is X - l e 5  
does everything f a l l  apar t?  
Danielson: Well, ac tua l ly ,  it would have been more comfortable i n  t h i s  model 
t o  have it X - l a 2 ,  I be l ieve ,  because then we would have exact  balance between 
the  absorbed and emitted r ad ia t ion .  I f  it tu rns  out t h a t  the  complex index 
va r i e s  rapid ly  with wavelength i n  a way t h a t  i s  very d i f f e r e n t  than t h a t ,  then 
a t  some po in t  t h e  model i s  no longer v iable .  How much it i s ,  I don't know.' 
Sagan: There's one o the r  t h ing  I wanted t o  ask about. The C2 molecules a re  a 
-
cen t r a l  p a r t  of  t he  Inversion Model s to ry .  They have t r a n s i t i o n s  i n  the  near  
IR and, p a r t i c u l a r l y ,  i n  t h e  nea r  UV. So I wonder what observational  l i m i t s  
have been s e t  on these .  For example, i s  t h e r e  some c r i t i c a l  UV observation 
t h a t  could be made, say with t h e  In t e rna t iona l  U l t r av io l e t  Explorer, o r  from 
Skylab? 
S t robe l :  The problem with ethane i s  t h a t  i t ' s  masked by methane. The onset  
of absorption f o r  ethane i s  100 8, longward o f  t h e  onset  of  methane absorption;  
they almost p a r a l l e l  each o the r .  Since methane is so  much more abundant than 
ethane t h e r e ' s  no way you're going t o  unravel one from t h e  o the r .  
Sagan: Okay, so t h a t ' s  ethane.  What about ethylene and acetylene? 
S t robe l :  They absorb a t  longer wavelengths, out t o  2000 1. 
Sagan: So you might have a measurement the re .  
Hunten: As long as the  dust  doesn' t  ru in  everything.  
S t robe l :  Yes. There the  problAm is  t h a t  as  you approach 2000 1, I th ink  the  
dust i s  g e t t i n g  toyard an op t i ca l  depth o f  one, and a l l  o f  these  cons t i t uen t s  
absorb below 2000 A. 
Sagan: So the  dust does mask the  UV. 
Danielson: The products formed by t h e  r ad ia t ion  you want mask it. I think t h e  
bes t  t e s t  I 've  heard ye t  is  t h e  radio  in ter ferometry  observations t h a t  you men- 
t ioned,  Carl (Sagan), of  t he  surface  temperature. I think t h a t ' s  a  c ruc ia l  
th ing ,  and another th ing  t o  do is  t o  make r e a l l y  d e t a i l e d  ca l cu la t ions  i n  t h e  
8-14 micron region with the  models and j u s t  see  what f i t s  and what doesn' t .  
Pollack: I  th ink ,  though, t h a t  you have t o  be very ca re fu l  here because the re  
a re  two questions t o  be considered which a re  very d i s t i n c t  from one another. 
One question i s :  I s  t he re  a s i g n i f i c a n t  greenhouse so  t h a t  t he  su r face  temper- 
a t u r e - i s  high? Almost independent o f  t h e  answer t o  t h a t  i s  t h e  ques t ion:  
What's mainly responsible f o r  t he  r ad ia t ion  i n  t h e  8-14 micron region? I t  may 
tu rn  out ,  f o r  example, t h a t  i n  t h e  whole 8-14 micron region you're j u s t  see ing 
gases and r ad ia t ion  from clouds, and y e t  have a high surface  temperature. That ' s  
a  p l aus ib l e  model. So, I think we have t o  be very careful  here  i n  sepa ra t ing  
these  two questions.  
Sagan: That 's  a  good point .  So, determining the  surface  temperature i s  not  
a way o f  deciding t h i s  ques t ion  on the  invers ion .  
Danielson: That 's  r i gh t .  I  th ink ,  then,  t h a t  t h e  bes t  way t o  proceed here i s  
t o  simply get  t h e  bes t  measurements and apply t h e  bes t  t heo r i e s  i n  the  8-14 pm 
region.  
Hunten: Clear ly ,  a  d e t a i l e d  Gi l l e t t - t ype  spectrum with po in t s  every 0.1 pm 
would be tremendous. That ' s  poss ib l e  r i g h t  now. 
Pollack:  I  think i n  another h a l f  year,  G i l l e t t  w i l l  give us  absolute informa- 
t i o n ;  so  I  think i n  another h a l f  year  we w i l l  be a l o t  f u r t h e r  along. 
I 
Morrison: J i m  (Pollack),  i s  i t  r e a l l y  t r u e  f o r  t he  greenhouse models, t h a t  you 
could th ink  up a  source of opaci ty  through t h e  10-micron band such t h a t  very 
l i t t l e  r ad ia t ion  would get iout  and the re fo re  one could explain the  whole 10- 
micron spectrum by t h e  Danielson approach and s t i l l  have t h a t  compatible with 
a  l a rge  greenhouse? 
r 
Danielson: Ammonia ... wouldn't t h a t  do i t ?  
Pollack: Yes. That i s ,  t h a t  t he  dip a t  10 pm i s  p e r f e c t l y  cons is tent  with the  
sa tu ra t ed  atmosphere, i. e . ,  t h e  lower por t ion  o f  t h e  atmosphere having ammonia. 
So I  don ' t  th ink  t h e r e  i s  any problem the re .  Even i f  I  d i d n ' t  want t o  say t h a t ,  
I could ju s t  say,  well ... I would have t o  go away from Danielson's small par-  
t i c l e s  .. . but I could say the  clouds a re  o p t i c a l l y  th i ck .  Thick enough, t h a t  
i s ,  i n  t h e  8-13 micron region t h a t  t h a t ' s  a l l  we're see ing the re .  
Sagan: m e n  I get  t o  my presenta t ion  tomorrow, I ' l l  show some substances 
which a re  q u i t e  opaque a t  t h i s  wavelength. So i t ' s  p e ~ f e c t l y  p l aus ib l e  t h a t  
the  clouds might not l e t  t h e  r ad ia t ion  through. 
Hunten: Bob (Danielson), t h i s  i s  r e a l l y  an o p t i c a l  model,, not  a  phys ica l  model 
you put  together .  You have a  medium with dust and gas i n  it. You don ' t  r e a l l y  
have an e x p l i c i t  model f o r  T i t an ' s  atmosphere, do you? 
Danielson: Well, t he  temperature i s  bas i ca l ly  determined, a t  l e a s t  so  f a r ,  by 
t h e  amount o f  f lux  t h a t  fa131s on a  p a r t i c l e  a t  a  given l e v e l .  I th ink  one could 
go through t h i s  ,and i t e r a t e  it once more. I f  you did,  I  think you would f ind  
t h a t  it is  not  a l l  t h a t  va r i ab le  i n  temperature u n t i l  you ge t  r i g h t  nea r  t he  
surface ,  where boundary temperature ques t ions  cloud t h e  i ssue .  
